Polyamines (PAs), such as spermidine and spermine, as well as amino acids that are substrates for their biosynthesis, are known to be essential for plant development. However, little is known about the gene expression and metabolic switches associated with the ornithine/arginine and PA biosynthetic pathway during seed development in conifers. To understand these metabolic switches, the enzyme activity of arginine decarboxylase and ornithine decarboxylase, as well as the contents of PAs and amino acids were evaluated in three Araucaria angustifolia (Bertol. Kuntze) seed developmental stages in combination with expression profile analyses of genes associated with the ornithine/arginine and PA biosynthetic pathway. Twelve genes were selected for further analysis and it was shown that the expression profiles of AaADC and AaSAMDC were up-regulated during zygotic embryo development. Polyamines and amino acids were found to accumulate differently in embryos and megagametophytes, and the transition from the globular to the cotyledonary stage was marked by an increase in free and conjugated spermidine and spermine contents. Putrescine is made from arginine, which was present at low content at the late embryogenesis stage, when high content of citrulline was observed. Differences in amino acids, PAs and gene expression profiles of biosynthetic genes at specific seed stages and at each seed transition stage were investigated, providing insights into molecular and physiological aspects of conifer embryogenesis for use in future both basic and applied studies.
Introduction
The Brazilian pine, Araucaria angustifolia (Bertol. Kuntze), is a native conifer in the southern part of Brazil. The high value of its timber and the uncontrolled exploitation of wood resources at the end of the 19th century have led to this species being classified as critically endangered by the International Union of Conservation of Nature Red List of Threatened Species (http:// www.iucnredlist.org/details/32975/0). Currently, populations of A. angustifolia cover less than 2% of its original forest area (Koch and Corrêa 2002, Jo et al. 2014) . Unlike those of most conifers, A. angustifolia seeds maintain a high content of water and active metabolic rates at maturity, resulting in a rapid loss of viability (Steiner et al. 2008) . There is therefore considerable interest in developing biotechnological tools for A. angustifolia germplasm conservation and genetic improvement in order to support reforestation and conservation programs (Steiner et al. 2008 , Schlögl et al. 2012a , Elbl et al. 2015a . Somatic embryogenesis is an alternative to ex situ clonal propagation of commercially important and endangered plant species, especially conifers (Klimaszewska et al. 2011 , Jo et al. 2014 , Rupps et al. 2016 . However, the establishment of a protocol for efficient A. angustifolia somatic embryogenesis has been limited by a poor understanding of the underlying genetic programs and biochemical pathways that regulate zygotic embryogenesis (Astarita et al. 2003a , 2003b , 2003c . Indeed, somatic embryogenesis has been defined as being analogous to zygotic embryogenesis, and a number of morphological, physiological, biochemical and molecular similarities between the two have been identified (Silveira et al. 2006 , Steiner et al. 2007 , Lara-Chavez et al. 2012 , Schlögl et al. 2012a , 2012b , Elbl et al. 2015a , dos Santos et al. 2016 . Studies of the molecular processes and biochemical activities during A. angustifolia zygotic embryogenesis have included a comparative transcriptome analysis (Elbl et al. 2015a ) and profiling of proteins , abscisic acid ), indole-3-acetic acid (Astarita et al. 2003a ), amino acids (Astarita et al. 2003b ) and polyamines (PAs) (Astarita et al. 2003c) .
Polyamines are multifunctional aliphatic nitrogen polycationic compounds that are present in plants, animals and microorganisms (Minguet et al. 2008 , Alcázar et al. 2010 . They can exist as free molecules, as forms that are conjugated to small molecules such as coumaroyl, ferulic or hydrocinnamic acids, or bound to larger molecules such as lipids, nucleic acids and proteins (Grimes et al. 1986 , Tiburcio et al. 1993 , Kong et al. 1998 . Putrescine (Put), spermidine (Spd) and spermine (Spm) are three common plants PAs that are known to play key roles in developmental processes that include embryogenesis, morphogenesis, fruit development and ripening, programmed cell death and responses to biotic and abiotic stresses (Kusano et al. 2008 , Gemperlová et al. 2009 , Alcázar et al. 2010 , Vuosku et al. 2012 , Akhtar 2013 . Putrescine is produced directly from the amino acid ornithine (Orn), by ornithine decarboxylase (ODC; EC 4.1.1.17), or indirectly from arginine (Arg) in a reaction catalyzed by three enzymes: arginine decarboxylase (ADC; EC 4.1.1.19), agmatine deiminase (AIH; EC 3.5.3.12) and Ncarbamoylputrescine amidase (CPA; EC 3.5.1.53) (Bais and Ravishankar 2002) . The co-expression of the ADC and ODC enzymes in some species may reflect differences in their tissue specificity or in their contribution to stress responses and development. Putrescine is the immediate precursor of the tri-and tetra-amines, Spd and Spm, which are made by combined actions of S-adenosylmethionine decarboxylase (SAMDC; EC 4.1.1.50) and two different aminopropyltransferases, Spd synthase (SPDS; EC 2.5.1.16) and Spm synthase (SPMS; EC 2.5.1.22) (Bais and Ravishankar 2002, Lasanajak et al. 2014) .
Polyamines function as regulators during seed development in both angiosperms and gymnosperms (Stasolla and Yeung 2003) , and a number of studies using Arabidopsis thaliana mutants with defects in PA metabolism have established the importance of PAs in embryogenesis (Imai et al. 2004) . Changes in either the profile or ratio of PAs correlate with defined stages of zygotic embryogenesis, suggesting that PAs are potential developmental markers of this process (Minocha et al. 1999 , Astarita et al. 2003c , Silveira et al. 2004 . Although there have been reports of an association between content of PAs and zygotic and somatic embryogenesis in conifers, the exact mechanisms by which they exert an effect is not clear (Minocha et al. 1999 , Astarita et al. 2003c , Silveira et al. 2004 , Steiner et al. 2007 , Gemperlová et al. 2009 , Jo et al. 2014 . During conifer seed development, PA content increases at the early stages and then decreases at the later stages of embryogenesis (Vuosku et al. 2006) . Putrescine abundance was reported to remain stable during Pinus sylvestris embryo development, while Spd content was shown to be higher than that of Put in mature Picea abies zygotic embryos, accompanied by an increase in the activity of PA biosynthetic enzymes (Vuosku et al. 2006 , Gemperlová et al. 2009 ). Similar profiles were observed during A. angustifolia zygotic embryo development (Astarita et al. 2003c) .
The PA biosynthetic pathway is known to be regulated by the contents of amino acids that are required for their biosynthesis (Majumdar et al. 2013 (Majumdar et al. , 2016 . Moreover, Orn, even though present in small quantities, may function as a regulator of not only PA biosynthesis, but also pathways involved in the conversion of glutamate to Arg, and proline biosynthesis (Page et al. 2007 , Majumdar et al. 2013 .
Although PAs are important for plant development (Minocha et al. 1999 , Astarita et al. 2003b , 2003c , Silveira et al. 2004 , Vuosku et al. 2006 , Kusano et al. 2008 , Gemperlová et al. 2009 ), relatively little is known about the relationship between gene expression and metabolic switches associated with Orn/Arg and PA biosynthesis during seed development (Fait et al. 2006) . The aim of the current study was to investigate A. angustifolia PA biosynthesis during zygotic embryogenesis. To this end we measured the activities of ADC and ODC, as well as PA and amino acid abundance, in combination with quantitative real-time polymerase chain reaction (qRT-PCR) analyses of gene expression of genes involved in the Orn/Arg and PA biosynthetic pathways. These analyses were performed for three different seed developmental stages involving zygotic embryos and megagametophytes.
Materials and methods

Plant materials
The following seed developmental stages were analyzed: (i) megagametophytes containing globular embryos (GZE) (due to their small size, zygotic embryos and megagametophytes at the globular stage were analyzed together); (ii) isolated cotyledonary embryos (CZE); (iii) isolated mature embryos (MZE); (iv) megagametophytes at the cotyledonary stage (CZE MG); and (v) megagametophytes at the mature stage (MZE MG). Immature and mature A. angustifolia seeds were harvested from five trees located in the Parque Estadual de Campos do Jordão (22°41.792′ S; 045°2 9.393′ W, 1.529 m above sea level) (authorization by Secretaria do Meio Ambiente, Instituto Florestal, in accordance with CARTA COTEC no 066/2014 D139/2013 AP), Campos do Jordão, São Paulo, Brazil. For each zygotic embryo developmental stage, we collected two or three seed cones per mother tree, mixed the seeds and divided them in three subsamples containing 70 seeds. Each subsample was considered a biological replicate. Plant material was
Tree Physiology Online at http://www.treephys.oxfordjournals.org homogenized in liquid nitrogen with a pestle and mortar, stored at −80°C and used for analyses of biochemical composition, enzymatic activity and gene expression.
Database searches, phylogenetic analyses and functional annotation
Protein sequences of A. thaliana ADC (arginine decarboxylase), AIH (agmatine deiminase), ARG (arginase), ASL (argininosuccinate lyase), ASS (arginosuccinate synthase), CPA (N-carbamoylputrescine amidase), OTC (ornithine carbamoyltransferase), SAMDC (S-adenosylmethionine decarboxylase), SPDS (spermidine synthase) and SPMS (spermine synthase), as well as Prunus persica ODC (ornithine decarboxylase), were used in tBLASTn (e-value > e -10 ) (Altschul et al. 1990 ) searches of an A. angustifolia transcriptome database (Elbl et al. 2015a ). Phylogenetic analyses were performed using other plant sequences that are homologous to the protein sequences described above, obtained by searching the Phytozome (http:// www.phytozome.net), NCBI (http://www.ncbi.nlm.nih.gov) and SustainPineDB (http://www.scbi.uma.es/sustainpinedb/home_ page) databases. The sequences were aligned using the MUSCLE/CLUSTAW program with default parameters (MEGA software, version 6.0, Tamura et al. 2013 ). The alignment was analyzed using the neighborjoining method and the distances were calculated using the JTT model. The tree topology was evaluated with 1500 bootstrap replications.
In order to assess the predicted localization, molecular function and involvement in biological processes of each of these proteins, gene ontology analysis was performed using Blast2GO software (Conesa et al. 2005) .
Quantitative RT-PCR analysis RNA extraction, DNAse treatment, cDNA synthesis, primer design and qRT-PCR analysis was performed as in Elbl et al. (2015b) . Gene specific primers (see Table S1 available as Supplementary Data at Tree Physiology Online) used in the qRT-PCR assay were designed using the OligoAnalyzer 3.1(https://www.idtdna. com/calc/analyzer) according to Minimum Information for Publication of qRT-PCR Experiments guidelines (Bustin et al. 2009 ). The quantification cycle values from two technical replicates and the primer efficiency were calculated using LinRegPCR software (Ruijter et al. 2009 ). The expression values of the target genes were normalized against the geometric average of the AaEIF4B-L (translational initiation factor 4B) and AaPP2A (protein phosphatase 2A) reference genes (Elbl et al. 2015b ). The relative expression of all the genes tested was calculated based on the average expression levels in the GZE sample and presented as Log 2 fold changes.
Determination of free amino acids
The amino acid content was determined as previously described . Amino acids were derivatized with o-phthalaldehyde and separated by high-performance liquid chromatography (HPLC, Shimadzu, Japan) on a C 18 reversephase column (5 µm × 4.6 mm × 250 mm-Shim-pack CLC ODS, Shimadzu, Japan). The gradient was developed by mixing proportions of 65% methanol with a buffer solution (50 mM sodium acetate, 50 mM sodium phosphate, 20 ml l -1 methanol, 20 ml l -1 tetrahydrofuran and adjusted to pH 8.1 with acetic acid). The 65% methanol gradient was programmed to 20% over the first 32 min, from 20% to 100% between 32 and 71 min, and 100% between 71 and 80 min, with a flow rate of 1 ml min -1 , at 40 ºC. A fluorescence detector (Shimadzu, RF-20A), set at 250 nm excitation and 480 nm emission wavelengths, was used for detection and quantification.
PA profiles and content
Free and soluble conjugated PAs were extracted with 5% (v/v) perchloric acid and perchloric acid-insoluble PAs were extracted by acidic hydrolysis in 12 N HCl, as previously described by Jo et al. (2014) and Shevyakova et al. (2006) , respectively. Polyamine derivatization was performed using a benzoylation method (Naka et al. 2010) with modifications: 1 ml of 2 N NaOH, 10 µl of benzoyl chloride and 40 µl of 0.05 mM diaminoheptane (used an as internal standard), were added to 60 µl of plant extract. Each sample was vortexed, incubated at room temperature for 40 min in the dark, and then 2 ml saturated sodium chloride solution was added to stop the reaction. After the addition of 2 ml diethyl ether, the samples were vortexed, centrifuged (13,000g for 5 min at 4°C), and the upper organic phase was collected and evaporated with gaseous nitrogen (40°C). The benzoylated PAs were solubilized in 175 µl of acetonitrile and analyzed by HPLC using a C 18 reverse-phase column (as described above), operating at a flow rate of 1.0 ml. The gradient was developed by mixing 42% acetonitrile in water and 100% acetonitrile. The elution consisted of 42% acetonitrile over the first 20 min, from 42% to 100% between 20 and 38 min and then a column cleaning/regeneration cycle up to 56 min. PAs were detected and quantified at 229 nm (Shimadzu, Japan, UV-VIS Detector SPD-10).
ADC and ODC assays
Enzymatic activities were determined as previously described (Vuosku et al. 2006) , with modifications. Three samples (200 mg fresh weight) were homogenized in an ice-cold mortar with liquid nitrogen and transferred to 200 μl of extraction buffer (50 mM Tris-HCl, pH 8.5, 0.5 mM pyridoxal-5-phosphate, 0.1 mM EDTA and 5 mM dithiothreitol). The solution was vortexed, centrifuged (13,000g for 20 min at 4°C) and the supernatant was used for ADC and ODC enzyme assays. buffer only. The reaction mixtures were incubated in glass tubes fitted with a rubber stopper and a filter paper disc soaked in 2 N KOH. The material was maintained at 37°C, at 120 rpm (orbital shaker) for 90 min, and the reaction was stopped by addition of 200 µl of 5 % (v/v) perchloric acid followed by a further incubation for 15 min. The filter paper, containing 14 CO 2 , was immersed in 1 ml of scintillation fluid (PerkinElmer) and the radioactivity was measured using a scintillation counter (Tri-Carb2910TR, PerkinElmer). The activities were expressed as nmol 14 CO 2 mg protein
. Protein content was measured using the Bradford method (Bradford 1976 ) with bovine serum albumin as a standard. The specific activities were measured for three biological replicates.
Statistical and correlation analysis
Data were analyzed by analysis of variance (ANOVA) followed by a Tukey's test (P < 0.01) and log transformed when appropriate. Pairwise comparisons between stages of development and between tissues were analyzed by Student's t-test (Benjamini-Hochberg method used for P-value adjustment) and the most abundant metabolites (3-fold change and P < 0.01 as the threshold cutoff) were visualized using Volcano plots. Pearson's (P < 0.01, r > 0.90) was performed for correlation analysis. For metabolic profiles separation between the samples, principal component analysis (PCA) and linear discriminant analysis (LDA) were performed, using MASS and ggplot2 package. These analyses were performed using R version 3.2.2 (R Development Core Team 2015). Heat map graphical and Hierarchical cluster by Euclidean distance were performed using Gene-E software (https://software.broadinstitute.org/GENE-E/).
Results
Identification of genes predicted to encode enzymes in the Orn/Arg and PA biosynthetic pathways Twelve putative genes associated with the Orn/Arg and PA biosynthetic pathways were identified in the A. angustifolia transcriptome database. A protein alignment revealed high similarity to A. thaliana amino acids sequences. For AaODC, a fragment with 161 amino acids was obtained, showing high similarity to P. persica ODC (PpODC) ( Table 1) .
A phylogenetic analysis was performed to identify the A. angustifolia homologs of the ADC, AIH, ARG, ASL, ASS, CPA, ODC, OTC and SAMDC genes from Viridiplantae and SPDS and SPMS genes from Eukarya and Archaea species, in order to evaluate the diversity of Orn/Arg and PA biosynthetic enzymes. Most of the trees obtained had a topology that was congruent with the established phylogenetic relationships of the constituent species (see Figure S1 available as Supplementary Data at Tree Physiology Online). One copy of each gene was identified, except for the aminopropyltranferase, where three putative genes (SPDS, SPDS3 and SPMS) were identified in distinct positions in the phylogenetic tree, being orthologous to A. thaliana ( Figure 1 ). Gene ontology functional analysis of the SPDS, SPDS3 and SPMS genes revealed a total of 518 terms, which were associated with Tree Physiology Online at http://www.treephys.oxfordjournals.org Figure 1 . Phylogenetic tree constructed from sequences with homology to A. angustifolia aminopropyltransferases. About 85 spermidine synthase (SPDS), spermidine synthase 3 (SPDS3) and spermine synthase (SPMS) sequences from 52 different species were analyzed. AaSPDS, AaSPDS3 and AaSPMS sequences from A. angustifolia are indicated with red points. Boxes highlighted in blue, green and red indicate the products of each enzyme: spermidine, spermidine/spermine and spermine/thermospermine, respectively. Genetic distances were inferred using the neighbor-joining method and 1500 replicates bootstrap calculations. Database and accession numbers are listed in Table S2 , available as Supplementary Data at Tree Physiology Online.
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the 'biological process' (419), 'molecular function' (62) and 'cellular component' (37) categories (see Tables S3 and S4 available as Supplementary Data at Tree Physiology Online).
Transcriptome and metabolic profiles
A hierarchical cluster analysis (HCA) was performed to identify associations between transcripts and metabolite profiles related to the Orn/Arg and PA biosynthetic pathways during seed development. For this purpose, the GZE stage was considered to be the starting point of development and the rest of the data were normalized to this stage. Twelve genes (AaADC, AaAIH, AaARG, AaASL, AaASS, AaCPA, AaODC, AaOTC, AaSAMDC, AaSPDS, AaSPDS3 and AaSPMS) related to Orn/Arg and PA biosynthesis were identified and characterized using RT-qPCR. We noted that even though the AaODC gene was identified in the A. angustifolia transcriptome database (Elbl et al. 2015a) , its mRNA levels were very low and the associated fluorescence signal was only detected after 40 cycles, which we considered to be below the cutoff threshold of detection. Other than AaODC, all tested genes, amino acids and PAs were detected in all the seed stages analyzed (see Figure S2 , Tables S5 and S6 available as Supplementary Data at Tree Physiology Online). HCA of gene expression and metabolite profiles was performed comparing GZE with isolated embryos (CZE and MZE) or megagametophytes (CZE MG and MZE MG) (Figure 2) , and the clusters (C) shown represent different groups of genes or metabolites with similar profiles over the course of seed development. When comparing the different embryo stages (Figure 2a ), cluster CI had two genes (AaADC and AaSAMDC) with increasing expression during the GZE-CZE transition, while AaCPA showed a constant increase during seed development. The remaining genes were placed in cluster CII and were characterized by similar or lower expression values compared with GZE. In the megagametophytes (Figure 2b ), the expression of AaARG, AaSPDS and AaSPMS decreased during seed development (CI), while the genes in CII, with the exception of AaASL, displayed similar or lower expression values compared with GZE. AaCPA was most abundantly expressed at the mature stage, and was placed alone outside clusters CI and CII.
During the zygotic embryo development, among the metabolites tested, citrulline, Spd and Spm showed the highest contents of accumulation (Figure 2c , CI). In cluster CII, Orn and agmatine contents were slightly higher in CZE and MZE than in GZE, while Put showed the highest value in MZE. For CIII, six amino acids [glutamate, aspartic acid, methionine, Arg, glutamine and γ-aminobutyric acid (GABA)] showed greater values in CZE and MZE than in GZE.
In the megagametophytes, the metabolites were grouped in two clusters (Figure 2d) . In cluster CI, four amino acids (glutamate, Arg, aspartic acid and methionine), as well as agmatine and the two PAs, Spd and Spm, showed increasing accumulation during seed development. In contrast, in cluster CII, Put and four amino acids (glutamine, Orn, citrulline and GABA) showed little such variation. The expression of most of the genes related to the amino acid and PA biosynthetic pathways showed few changes between embryos and megagametophytes. However, at the end of seed development, some metabolite profiles (GABA, citrulline and Put) showed a different pattern in the mature zygotic embryo and its corresponding megagametophyte. During seed development, zygotic embryos accumulated up to eight times greater amounts of citrulline, twice the amount of GABA and five times the amount of Put. Few changes were observed for these metabolites during seed development in the respective megagametophytes (see Table S5 available as Supplementary Data at Tree Physiology Online).
ADC and ODC enzymatic activities
In both embryos and megagametophytes, during all stages of seed development, ADC activity was higher than ODC activity, indicating that ADC likely acts in the predominant Put synthesis pathway (Figure 3 ). Both activities increased sharply from GZE to CZE, and declined at the MZE stage (Figure 3a) . In the megagametophytes, a constant increase in ADC specific activity during the seed development was observed, whereas ODC activity remained constant (Figure 3b ). The total protein content increased from the GZE to the CZE stage and remained constant until the MZE stage in isolated embryos, while the content declined in mature megagametophytes (Figure 3) .
PCA, LDA and pairwise comparison analysis
Amino acid and PA changes in abundance were analyzed by PCA and considered together with LDA of 28 identified metabolites, including free and conjugated PAs, agmatine and free amino acids (see Table S5 available as Supplementary Data at Tree Physiology Online). Metabolites that showed the same vector were not considered.
Principal components (PCs) 1 and 2 together explained 88.7% of the total variance among the samples ( Figure 4a) ; linear discriminants (LDs) 1 and 2 explained 98.2% (Figure 4b ). It was possible to distinguish the GZE, CZE MG and MZE MG tissues from the CZE and MZE stages based on PC1 (explaining 67.1%) and PC2 (explaining 21.6%) (Figure 4a ). Free Spd, free Spm and serine were major compounds contributing to the separation of the MZE stage from the other tissues, while free Put, citrulline, Orn and GABA contributed to the separation of CZE stage. Agmatine was the main compound that separated the MZE MG tissue. GZE was isolated of all other tissues by PC1. Linear discriminant 1 (84.8%) indicated the existence of isolated embryos (CZE and MZE) group that differed from the megagametophytes (CZE MG and MZE MG) group, while GZE was a distinct group, based on LD2 (13.4%) (Figure 4b ). Thus, distinct metabolites with the highest impact on the separation of each seed stage development were identified.
The more abundant (≥3-fold difference with a P < 0.01) metabolites between GZE and the others developmental stages, were identified through pairwise comparisons in a volcano plot analysis. This revealed that the greatest differences in abundance occurred Figure 3 . Specific enzymatic activity of ADC and ODC in A. angustifolia seeds tissues. Data from megagametophytes containing globular embryos (GZE) and isolated embryos at cotyledonary (CZE) and mature (MZE) stages (a), or GZE and isolated megagametophytes at the cotyledonary (CZE MG) and mature (MZE MG) (b) stages. Enzymatic activities were analyzed by measuring [ 14 ] CO 2 released by decarboxylated radiolabeled L-arginine and L-ornithine. Vertical bars indicate standard error of the mean values derived from three biological replicates. Means followed by uppercase letters are significantly different between ADC and ODC, according to the Tukey's test (P < 0.05). Means followed by lowercase letters are significantly different for developmental stages according to the Tukey's test (P < 0.05).
in the CZE stage (free and conjugated Spm), CZE MG (conjugated Spd) and in MZE (conjugated Put and Spm) (Figure 5a -c, respectively). A comparison (Figure 5d ) between GZE and MZE MG did not reveal metabolites with fold change (≥3-fold).
Correlations among metabolites, gene expression and seed development stage
Given the role of Arg, Orn and methionine in PA biosynthesis, we performed a linear correlation analysis of these amino acids, PAs and Put/Spd/Spm biosynthesis-related genes (see Table S8 available as Supplementary Data at Tree Physiology Online). Arginine and PA were correlated in all samples analyzed, with positive correlations in the globular and cotyledonary stages (Figure 6a-c) , while a negative correlation was observed at the mature stage (Figure 6d and e) . A correlation involving Orn was not detected in the first seed developmental stage, although a positive correlation was detected in the zygotic embryo with Put and Spd in the cotyledonary stage (CZE). At the mature stage, a negative correlation between Orn and Put for both embryo (MZE) and megagametophyte (MZE MG) was observed. No correlations were observed for methionine at the GZE and CZE MG stages, while positive correlations were found with Spm in the cotyledonary stage (CZE) and mature embryos (MZE). In the mature stage, methionine correlated positively with Put in the embryo and negatively in the megagametophyte.
The correlation between gene expression and PA content highlighted AaSAMDC with PAs when methionine was present. Positive correlations were found between AaSAMDC and Spd and Put, at the CZE and MZE stages, respectively. In contrast, negative correlations were observed between AaSAMDC and Spm in the mature embryo, and between AaSAMDC and both Spd and Spm in the corresponding megagametophyte. Positive correlations between AaSPDS and Spm were also observed until the cotyledonary stages, but a negative correlation at the mature stage, while we noted a negative correlation between AaSPDS3 and Spd in the GZE and CZE stages.
Discussion
Previous studies of A. angustifolia seed development studies have aimed to develop a better understanding of the molecular and physiological basis of embryogenesis, in order to enhance in vitro multiplication via somatic embryogenesis (Steiner et al. 2008 ). The globular stage of A. angustifolia seed development is marked by intensive cell division and differentiation, expression of genes involved in carbohydrate biosynthesis and oxidative stress metabolism (dos Santos et al. 2006 , Balbuena et al. 2009 , Elbl et al. 2015a ). Subsequently, the transition from the globular to the cotyledonary stage has been associated with a range of physiological, biochemical and molecular changes (Astarita et al. 2003b , Elbl et al. 2015a , involving the switch from embryogenesis (cell division) to seed filling (reserve deposition) (dos Santos et al. 2006 , Balbuena et al. 2009 ). There is an absence of morphological transitions in zygotic embryos from the cotyledonary to the mature stage (Astarita et al. 2003b , dos Santos et al. 2006 , Balbuena et al. 2009 ). Compared with most Pinaceae family species, the seeds of Tree Physiology Online at http://www.treephys.oxfordjournals.org A. angustifolia are recalcitrant (Steiner et al. 2008) , meaning they have a higher water content, are sensitive to desiccation and are metabolically active until germination (dos Santos et al. 2006) .
Notwithstanding previous studies with respect to PA profiles in A. angustifolia (Astarita et al. 2003c , Silveira et al. 2006 , Jo et al. 2014 , there are no studies about the relationship between gene expression and metabolic switches associated with Orn/Arg and PA biosynthesis pathway. In this study, we identified genes and metabolites that participate on the Orn/ Arg and PAs biosynthetic pathway, providing an opportunity to unravel the complexity of coordinated switches during embryo development.
In silico analyses of genes related to the Orn/Arg and PA biosynthetic pathway A search for genes related to the Orn/Arg and PA biosynthetic pathways revealed 12 genes with ≥57% amino acid sequence identity to their homologs in A. thaliana, or P. persica in the case of the ODC gene (Liu et al. 2006) (Table 1) . Of all genes identified in the present study, only those encoding aminopropyltransferases were found to have more than one copy in A. angustifolia (AaSPDS, AaSPDS3 and AaSPMS). This appears to differ from the situation in P. sylvestris (Vuosku et al. 2012) and Pinus pinaster (http://www.scbi. uma.es/sustainpinedb/home_page), since a search of their respective transcriptome databases revealed only one copy of SPDS and SPMS. It is likely that AaSPDS is responsible for the biosynthesis of Spd, and AaSPMS catalyzes the conversion of Spd into Spm. We further propose that AaSPDS3 is involved in the biosynthesis of both Spd and Spm, as has been reported for its A. thaliana homolog (Hanzawa et al. 2002) . Although AaSPDS3 homologs were found in other species (Figure 1) , as far as we are aware, only one study has mentioned this gene, and its enzymatic activity remains to be determined (Hanzawa et al. 2002) .
Only a partial sequence of AaODC (corresponding to a polypeptide of 161 amino acids) was retrieved and to date no complete ODC sequence has been reported in any conifer. While the size of ODC in some angiosperms is approximately 433 amino acids (Alabadí and Carbonell 1998 , Delis et al. 2005 , Yoda et al. 2009 ), only a 391 amino acids fragment has been Figure 5 . Volcano plot of pairwise comparisons between the globular and other stages. Comparisons of 28 metabolites including PAs (free and conjugated forms), agmatine and free amino acids. The plot displays the metabolites that are differentially abundant in pairwise comparisons of A. angustifolia seed tissues. Metabolites that showed a significant difference in abundance (P < 0.01) are highlighted by blue dots. Metabolites identified and represented by red dots have the most significantly altered abundance, using 3-fold change and P < 0.01 as the threshold cutoff. Put, putrescine; Spd, spermidine; Spm, spermine; GZE, megagametophytes containing globular embryos; CZE, isolated cotyledonary embryos; MZE, isolated mature embryos; CZE MG, megagametophytes at the cotyledonary stage; MZE MG, megagametophytes at the mature stage.
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Polyamine, amino acid and gene expression profiles during seed development
To identify switches associated with specific seed stages and transition stage, complementary statistical tools for unsupervised (PCA) and supervised (LDA) data analysis were implemented to look at the global metabolic changes. Based on PAs and amino acid profiles, PCA and LDA separated the globular stage from the cotyledonary and mature stages. This led to the identification of two groups of tissues with distinct metabolic profiles: one composed of the isolated embryos and another of the megagametophytes. These two distinct profiles were characterized by higher contents of amino acids and PAs in the zygotic embryo than in the megagametophyte. For the second approach, Euclidean distance and pairwise comparison analyses between the globular and the other developmental stages revealed that most changes occurred at the transitions, as described below.
The globular stage
In this study, the globular stage was considered the developmental starting point, to which all other stages were compared.
Early embryogenesis is marked by the lowest PA content and a high Put/(Spd + Spm) ratio, due to the high content of Put compared with Spd and Spm. This result is in accordance with reports of early embryogenesis in Pinus radiata (Minocha et al. 1999) , Pinus taeda (Silveira et al. 2004 ) and P. sylvestris (Vuosku et al. 2006 ). This ratio is considered a biochemical marker of developmental stage and it also corresponds to cell division and elongation (Astarita et al. 2003c , Silveira et al. 2004 . In plants, Put promotes the cell cycle and mitotic division (Astarita et al. 2003c) , and has been reported to be the most abundant PA at the globular seed stage of P. taeda (Silveira et al. 2004 ) and P. sylvestris (Vuosku et al. 2006) . Furthermore, Put can modulate the expression of peroxidases and other related proteins, in addition to promoting Spd synthesis and reducing oxidative stress induced by an excessive production of reactive oxygen species (ROS) during early A. angustifolia embryogenesis (Balbuena et al. 2009 , Reis et al. 2016 .
Aspartic acid, glutamic acid and glutamine were the main amino acids presents at the A. angustifolia globular stage. Although these amino acids are part of the Orn/Arg pathway, Arg content was lower than that of Orn, which differs from the profile observed in the seeds of P. taeda (Silveira et al. 2004) . Arginine plays an important role as a substrate for Put biosynthesis and as an intermediate in nitrogen metabolism (Page et al. 2012, Tree Physiology Online at http://www.treephys.oxfordjournals.org Majumdar et al. 2013) . In plants, the biosynthesis of PAs is initiated with the formation of the Put by two alternative enzymes (ADC and/or ODC) (Alcázar et al. 2010) . In the present study, the positive correlations observed at the globular stage between Arg, Put and AaAIH, as well as the higher activity of ADC than ODC, suggest that the Arg pathway is more important for Put biosynthesis during early embryogenesis. The use of Arg for Put biosynthesis via the ADC pathway has also been reported to occur in the zygotic embryogenesis of P. sylvestris (Vuosku et al. 2006) and P. abies (Santanen and Simola 1999, Gemperlová et al. 2009 ), suggesting that this pathway is common to early conifer embryo development.
Ornithine decarboxylase activity was barely detected, and was approximately four times lower than that of ADC. The co-existence of the ADC and ODC pathways in some species may relate to their differential contribution to stress responses, development processes and tissue specificity. In support of this idea, expression of the ADC gene and protein have been detected in the mitotic cells of developing zygotic embryos and shown to be activated in response to stress (Tiburcio et al. 1997 , Vuosku et al. 2006 ).
The cotyledonary stage
The transition from a globular to a cotyledonary stage in A. angustifolia seeds is marked by biochemical, transcriptional and morphological processes that support the differentiation of meristems, the formation of the embryo body and the early development of cotyledons in zygotic embryos, while the accumulation of reserves occurs in the megagametophytes (dos Santos et al. 2006 , Balbuena et al. 2009 , Elbl et al. 2015a . During the cotyledonary stage, the pool of free amino acids and PAs, the expression profiles of genes related to the Orn/Arg and PA biosynthetic pathways, and both ADC and ODC enzymatic activities all reached the maximal levels. In the zygotic embryo, Put, GABA, citrulline and Orn contents increased during development, while in the megagametophyte contents tended to show only a minor change (Figure 2 ). This suggests an important role of these compounds in embryo development, consistent with the idea of a possible flux from the megagametophyte and embryonic axis to the cotyledons (Astarita et al. 2003b ).
The highest ADC activity and gene expression of AaADC were measured at the cotyledonary stage. A predominance of PA pathway has also been observed during seed development in P. abies (Gemperlová et al. 2009 ) and P. sylvestris (Vuosku et al. 2006 (Vuosku et al. , 2012 . In contrast, the ODC activity was lower and AaODC transcripts were below the cutoff threshold of detection.
In the megagametophyte, the constant AaADC expression was accompanied by minimal changes in Put content. In contrast, an increase in ADC activity was observed between the megagametophyte containing early zygotic embryos (GZE MG) and the mature stage megagametophyte (MZE MG). This suggests a different regulation of the PAs biosynthesis in megagametophyte than observed into embryos; however, the exact molecular mechanism that regulates PAs genes translation has not been determined.
Through a pairwise comparison between globular and zygotic embryos or the megagametophytes at the cotyledonary stage we observed that Spd and Spm, in both the free and conjugated forms, were more abundant at the cotyledonary stage. In plants, PAs can conjugate with hydroxycinnamic acid to produce acylated PAs (Luo et al. 2009 ), or conjugate with macromolecules (insoluble conjugated PAs) (Shevyakova et al. 2006) . These conjugated PAs serve as nitrogen reserves to support germination (Luo et al. 2009 ) and may participate simultaneously in the scavenging of oxygen radicals (O 2 − and OH.), thereby providing protection against oxidative stress and in H 2 O 2 generation via PA oxidation (Shevyakova et al. 2006 ). These conjugated PAs may represent one of the ROS scavenger mechanisms necessary to control and maintain the oxidative stress metabolism in A. angustifolia, where high respiratory levels are present in the recalcitrant seeds (Leprince et al. 1999 , Balbuena et al. 2009 ). Citrulline has the highest content among amino acids detected, increasing approximately 14-fold during the transition from the globular to the cotyledonary stage. In plants, citrulline is synthesized from arginine and it has been reported to be an efficient hydroxyl radical scavenger and a strong antioxidant (Kusvuran et al. 2013) . Furthermore, citrulline has a high nitrogen content (three atoms per molecule) and has been associated with drought tolerance in Cucumis melo (Akashi et al. 2001 , Slocum 2005 , Kusvuran et al. 2013 . The role of citrulline in embryogenesis is not well understood; however, a possible role in A. angustifolia seeds may be as an antioxidant, again due the high respiratory levels at the late stages (Balbuena et al. 2009) , associated with PAs as demonstrated in the Euclidean distance analysis (Figure 2c) . Different GABA patterns were observed, being more abundant in the embryo than megagametophyte. GABA is an amino acid that is not used for protein synthesis, and it is synthesized through glutamic acid decarboxylation, or as a product of PA catabolism (Satya-Naraian and Nair 1990, Bouchereau et al. 1999 . It is associated with several processes and in plants has some similar functions to those of proline, such as its contribution to the C:N balance, regulation of pH, protection against oxidative stress, osmoregulation, response to biotic and abiotic stress, protection against heat shock and as a signaling molecule (Bouché and Fromm 2004 , Dowlatabadi et al. 2009 , Winkelmann et al. 2015 . During seed development GABA is present in P. taeda (Silveira et al. 2004 ), Cedrela fissilis (Aragão et al. 2015) as well as in recalcitrant seeds of Ocotea catharinensis . The biphasic nature of GABA concentration may in part be interpreted in the context of a requirement for PA biosynthesis during embryo development (Minocha and Minocha 1995) ; however, while GABA is thought to play an important role during embryo development (Aragão et al. 2015) , its detailed modes of action in conifer embryogenesis remain poorly understood.
The mature stage
The transition from the cotyledonary to the mature stage in particular is known to be marked by intensive reserve (proteins, starch and lipids) and water accumulation (Balbuena et al. 2009 ). Spermidine and Spm contents were higher than that of Put in mature seeds, and were more similar to contents reported in the conifers, P. radiata and P. sylvestris (Minocha et al. 1999 , Vuosku et al. 2006 . The high Spd and Spm contents were also reflected in a reduction in the Put/(Spd + Spm) ratio (see Table S5 available as Supplementary Data at Tree Physiology Online), which has been demonstrated to be important for seed filling (Astarita et al. 2003c . Through studies of gene knockout mutants of SPDS and SAMDC in A. thaliana, Spd is known to be essential for embryo development (Imai et al. 2004 , Ge et al. 2006 . In contrast, Spm seems not to be required for embryogenesis because loss-of-function mutants of the A. thaliana SPMS genes show normal embryo development (Imai et al. 2004) .
The highest Spd and Spm contents in the cotyledonary and mature stages were accompanied by an increase in AaSAMDC expression and a decrease in the expression of AaSPDS, AaSPDS3 and AaSPMS. The positive correlation of AaSAMDC with Put, and negative correlation with Spd and Spm, at the mature zygotic embryo stage suggest a regulatory mechanism involving AaSAMDC to control PA content. However, such a putative regulatory mechanism seems to be species-and tissuespecific, since leaves of Brassica juncea show up-regulation of SAMDC expression following exogenous Put treatments (Hu et al. 2005) . Additionally, accumulation of Put in hybrid poplar (Populus nigra × maximowiczii) cells may inhibit the expression of some members of the SAMDC family, leading to decreased SAMDC activity (Hu et al. 2005 , Page et al. 2007 ). It should be noted that the SPDS enzyme is very stable and that its activity does not correlate with mRNA levels (Page et al. 2007 , Salo et al. 2016 . Putrescine, which can be used to provide more substrate for Spd/Spm biosynthesis, was more abundant at the mature stage than in the globular stage (Figure 2 ). Putrescine has also been reported to enhance drought resistance and freezing stress in A. thaliana mutants defective in Put biosynthesis (Cuevas et al. 2008 , Alcázar et al. 2010 , Bitrián et al. 2012 and it may have a similar protective role mechanism in A. angustifolia seeds during late embryogenesis.
Seven amino acids had higher contents in zygotic embryos at the mature stage than in the globular stage. During zygotic embryo development, high contents of glutamic acid, aspartic acid and glutamine coincided with an increase in the abundance of Arg and PAs, which are involved in the Orn/Arg pathway, providing substrates for the biosynthesis of Put (Page et al. 2012 , Majumdar et al. 2013 . Ornithine content only changed slightly and the fact that ODC activity was lower than that of ADC activity suggests Orn can be used for Arg biosynthesis. Methionine content increased proportionately to PA profiles, indicating a direct relationship between high content of PA precursors and high PA accumulation (Silveira et al. 2004) . Similarly, previous studies have reported that the megagametophyte has less PAs and amino acids than the zygotic embryos (Astarita et al. 2003b , Balbuena et al. 2009 ).
Interestingly, Arg was not the main amino acid observed in late embryogenesis. Arg is the amino acid with the highest nitrogen content (four atoms per molecule) and constitutes a large proportion of the amino acid pool of seed reserve proteins, particularly in conifers (King and Gifford 1997, Cantón et al. 2005) . However, we found that Arg represented only 1-2% of the total amino acids present during the late embryogenesis in A. angustifolia seeds (see Table S5 available as Supplementary Data at Tree Physiology Online). This contrasts with profiles from other conifers, where it can represent more than 23% of seed reserves (King and Gifford 1997, Cantón et al. 2005) . The amino acid composition of vicilin-like proteins in A. angustifolia seeds indicates that more than 10% of its sequence is composed of glutamic acid, while among the major amino acid residues of seed storage proteins in P. taeda and P. pinaster is Arg (Allona et al. 1992 , Rodríguez et al. 2006 , Balbuena et al. 2009 ). The low expression of AaARG and small changes in Orn content in mature seeds suggest that the low Arg content may be due to its use in Put biosynthesis being in accordance with the increase in PA content. Further support for this hypothesis was the negative correlation between Arg and PAs observed here. Another piece of evidence was the fact that Arg can be used in nitric oxide (NO) biosynthesis, thereby releasing citrulline, which was present at high content in the mature stage (Figure 2 , see Table S5 available as Supplementary Data at Tree Physiology Online).
Conclusions
In summary, this study describes the changes in the Orn/Arg and PA biosynthetic pathways associated with A. angustifolia seed development. Out data suggest two genes that may encode key enzymes in the PA biosynthetic pathway: AaADC for the regulation of the ratio of Put biosynthesis, and AaSAMDC for Spd/Spm synthesis. Based on PA and amino acid profiles, it was possible to distinguish the different tissues and development stages of the seeds. Specific sets of metabolites accumulate differentially in the embryo and megagametophyte during late embryogenesis. Arginine, in contrast to in other conifers, is not the main amino acid during A. angustifolia embryogenesis and its function may be in NO or PA biosynthesis, rather than incorporation into seed reserve proteins. In addition, citrulline was the main amino acid recorded during seed development. The results described here will help to guide future testing of in vitro embryogenic cell
Tree Physiology Online at http://www.treephys.oxfordjournals.org lines, to identify the optimal in vitro conditions for development of somatic embryos.
Supplementary Data
Supplementary data for this article are available at Tree Physiology Online.
